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Abstract. Due to the highly non-linear and dynamical nature of oceanic phenomena, the predictive capability 
of various ocean models depends on the availability of operational data. A practical method to improve the 
accuracy of the ocean forecast is to use a data assimilation methodology to combine in-situ measured and 
remotely acquired data with numerical forecast models of the physical environment. Autonomous surface and 
underwater vehicles with various sensors are economic and efficient tools for exploring and sampling the 
ocean for data assimilation; however there is an energy limitation to such vehicles, and thus effective resource 
allocation for adaptive sampling is required to optimize the efficiency of exploration. In this paper, we use 
physical oceanography forecasts of the coastal zone of Singapore for the design of a set of field experiments 
to acquire useful data for model calibration and data assimilation. The design process of our experiments 
relied on the oceanography forecast including the current speed, its gradient, and vorticity in a given region of 
interest for which permits for field experiments could be obtained and for time intervals that correspond to 
strong tidal currents. Based on these maps, resources available to our experimental team, including 
Autonomous Surface Craft (ASC) are allocated so as to capture the oceanic features that result from jets and 
vortices behind bluff bodies (e.g., islands) in the tidal current. Results are summarized from this resource 
allocation process and field experiments conducted in January 2009.  
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INTRODUCTION  
This paper describes field experiments used to identify and resolve oceanographic features in the Selat Pauh 
channel (located in the Singapore Strait) carried out by Massachusetts Institute of Technology (MIT) scientists and 
engineers and counterparts at the National University of Singapore (NUS). This work involves oceanographic 
modeling, forecasting and experimentation with a network of robotic vehicles. The overall objective of the project is 
to develop adaptive sampling and data assimilation strategies that would enhance our ability to forecast physical, 
chemical and biological oceanography fields through an optimal use of the measurement resources operating in a 
coupled fashion with computational models of the dynamic ocean behavior.  
Oceanographic features such as (meandering) jets and vortices are often found downstream of obstacles and 
landforms e.g., islands or peninsulas in a current. Such transient features with high spatial and temporal variability 
are turbulent with effective Reynolds numbers typically in excess of 6 × 107, and are interesting but difficult to 
predict, measure and quantify [1]. The design of these experiments was based on the ocean forecast model of the 
Tropical Marine Science Institute (TMSI) of NUS [2]. 
 
EXPERIMENT DESIGN 
Experiment Resources  
Experiments were conducted in a channel known as Selat Pauh in the Singapore Strait on January 14 and 21, 
2009. Operational permits were secured from the Maritime Port Authority of Singapore (MPAS) and the operations 
of the vehicles were restricted to the area within a polygon with red edges as shown in Fig. 1. 
 
 
 
FIGURE 1. Area of operation is within the red polygon. Points 1 to 10 are starting points and waypoints used in the tests.  
 
In total, three Autonomous Surface Craft (ASC) were available for deployment. The ASC (3 meters long and 0.8 
meters wide) are able to work at operational speeds of maximum 2m/s at full load for 3 hours, and are controlled by 
the computers mounted in the hull, either through a remote controller wirelessly or via installed control programs 
operating autonomously to achieve certain objectives. To differentiate each ASC, they are labeled as ‘blue’, ‘red’ and 
‘white’. For example, a red kayak in operation is shown in Fig. 2. 
 
 
 
FIGURE 2. An ASC with a red flag (called red kayak in this paper) in operation 
 
Two of the ASC, the blue and red ASC, were mounted with paddlewheel sensors while the white ASC was 
mounted with a Doppler Velocity Log (DVL). The paddlewheel sensor (AIRMAR model 235DST-PSE) measures 
the speed of ASC with respect to the water in the centerline direction of the ASC. Global Positioning Systems (GPS) 
and compasses were mounted on all three ASC to track and control the movement of the ASC and measure the 
heading of the ASC, respectively. With the measurements from the GPS, compasses and paddlewheel sensors, the 
velocity of the surface current can be estimated. The GPS (Garmin model 18x) has an accuracy of up to 3m and a 
sampling frequency of 5Hz. The compass (Ocean Server model OS5000) measures the azimuth angle up to an 
accuracy of 0.5o.  
 
Construction of Objective Function Map for the Design of Field Experiments 
The design of our experiments relied on the forecast of various oceanographic parameters such as current speed, 
its gradient, and vorticity in the above mentioned region of interest and for time intervals that correspond to strong 
tidal currents. For example, maps of the above parameters at 1252 SST on January 14, 2009 are shown in Figs 3(a-c).  
 
 
 
 
 (a) Forecasted velocity magnitude map 
 
 
(b) Forecasted velocity magnitude gradient map 
 
 
(c) Forecasted vorticity map 
 
 
 
(d) Objective function map 
FIGURE 3.  Objective function map and its constituents. The area of operation is within the magenta polygon. 
 
An objective function map is generated by combining the above three parameters with appropriate weights. The 
objective function of exploration can be expressed as: 
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where F ji ,   is the objective function value at point (i,j); 
            W ji, is the normalized kinetic energy, as represented by the square of the current speed at point (i,j); 
  G ji,   is the normalized magnitude of the gradient of the current speed at point (i,j);  
  V ji,   is the normalized vorticity at point (i,j); 
  α k      is the weight of respective constituent, where k = 1,2,3; 
   ji,       is the coordinates of computational grid in the oceanographic model;  
   NM ,  is the number of grid points in i,j direction, respectively. 
 
The kinetic energy, magnitude of the gradient and vorticity are normalized by the respective maximum value 
within the map.  The objective function value at a single point on the map, Fi,j, is derived from the forecasted current 
speed, its gradient, and vorticity. A region with greater value of Fi,j can represent a dynamical hotspot with 
interesting features, which makes it more desirable for the ASC to visit the region.  
 The corresponding objective function map, which is a collection of all the points of the objective value, is shown 
in Fig. 3(d). With the objective function map, path planning for adaptive sampling can be carried out [3,4]. In our 
example, the weights αk are set to be equal for all three components but adjustments can be made accordingly, 
depending on different flow features of interest in the region. Utilizing this objective function map, our autonomous 
vehicles were allocated to effectively capture the oceanic features resulting from jets and vortices behind the islands 
in the tidal current. 
In the drifting test, the ASC were deployed from a controller ship one by one and were driven under power to 
their designated starting position. Once all the ASC were in their designated starting positions, the power to their 
engines was cut simultaneously for the ASC to start drifting along with the current. In the upstream test, two 
waypoints were chosen such that the ASC traversed between these two points, and the trajectories of the ASC were 
nearly parallel and opposite to the forecasted current stream.  
 
Starting Points of Drifting Test 
The drifting tests were conducted on January 14 and 21, 2009. On January 14, the currents were forecasted to 
flow from east to west during the test period as shown in Fig. 4(a). Hence, the starting positions of the three ASC 
were selected to make sure the ASC drift through the region of higher interest, while at the same time enabling the 
three ASC to explore the regions of different flow characteristics.  The white kayak on the top was designed to drift 
to the region with highest objective value and the red kayak on the bottom was designed to drift to the region outside 
the features of interest. The blue kayak in the middle was designed to capture the possible boundary of the jet feature. 
The three starting points of the drifting test are represented by circles, as shown in Fig. 4(a). With reference to Fig. 1, 
the starting point of the red/white/blue kayak in the drifting tests on January 14, 2009 is waypoint 1/3/2, respectively. 
On January 21, the current was forecasted to flow from west to east during the test period as shown in Fig. 4(b). 
We noticed two major hotspots within the region of operation, mainly due to the persistent eddies generated by 
uneven topography. The starting positions of the ASC were selected in-between to observe the corresponding flow 
characteristics - see the three circles shown in Fig. 4(b). With reference to Fig. 1, the starting point of the 
red/white/blue kayak in the drifting tests on January 21, 2009 is waypoint 1/2/3, respectively. 
 
 
 
(a) Drifting test on January 14     (b) Drifting test on January 21 
 
 
(c) Upstream test on January 21 
 
FIGURE 4.  Designed starting (and waypoints) and the resulting trajectories. The permitted area of operation is demarcated by 
the magenta polygon. The background color stands for objective function map. The trajectories of the drifting test on January 14 
and 21 are shown in (a) and (b), respectively. The circles represent the starting points and the ‘x’s mark the termination points. 
The upstream test for January 21 is shown in (c). The circles represent the starting points and the ‘x’s are the waypoints for the 
ASC. The white circle/cross/line corresponds to white kayak, the green circle/cross/line corresponds to blue kayak and the red 
circle/cross/line corresponds to red kayak. 
Starting Points and Ending Points of Upstream Test 
The upstream test was conducted on January 21, when the current was forecasted to flow from west to east during 
the test period. Hence, the starting positions and waypoints of the ASC were selected such that the ASC travel 
through the regions of higher objective function value and yet be nearly aligned to the direction of the current and 
nearly opposite to it, as shown in Fig. 4(c). The requirement for the alignment of the current vectors was due to the 
limitation of the paddlewheel sensor to be only able to measure the speed of ASC with respect to the water in the 
centerline direction of ASC. With reference to Fig. 1, the starting point of the red/white/blue kayak in the upstream 
test on January 21, 2009 is waypoint 7/8/9, respectively, and the ending point is waypoint 1/2/3, again respectively. 
 
EXPERIMENT RESULTS AND DISCUSSION 
Drifting Test 
The kayak trajectories of our drifting test on January 14 are shown in Fig. 4(a). The paths of the three ASC 
describe their drifting along the predicted east-to-west current flow. As planned, the white kayak explored the region 
with higher objective function values along its trajectory, while the red kayak kept drifting along the region outside 
of the meandering jet.  
The kayak trajectories of our drifting test on January 21 are shown in Fig. 4(b). Even though the initial plan was 
to let the ASC drift into the region of high objective function values, the goal was not completely achieved due to the 
difference in the actual and forecasted currents. The paths of the white and red ASC describe their drifting along the 
predicted west-to-east current flow. However, the blue ASC displayed an unexpected behavior by drifting towards a 
south-south-westerly direction. The authors proposed a hypothesis [5] that the predicted topographic eddy can 
account for the unexpected behavior of the blue ASC, although the simulated phase of the vortex shedding does not 
exactly coincide with the measurement. Work to carry out data assimilation using data collected to improve the 
prediction of the tidal current field is ongoing. 
Upstream Test 
The kayak trajectories of our upstream test on January 21 are shown in Fig. 4(c). The paths of the three ASC 
describe their upstream movement against the predicted west-to-east current flow. The three kayaks explore the 
region with high objective function value along their trajectories as planned. Further discussion on the measured and 
forecasted velocity field can be found in [5].   
 
CONCLUSIONS 
The design process of the field experiments to explore significant oceanographic features in the Singapore Strait 
is discussed. Three ASC were used to conduct drifting and upstream tests on January 14 and January 21, 2009. The 
planning of the experiments was based on the forecast of the velocity field in the Singapore region done by TMSI of 
NUS. Results of the drifting test of January 14 and the upstream test of January 21 agree well with the predicted tidal 
current field. The blue ASC displayed an unexpected behavior in the drifting test of January 21 and possible 
hypotheses for this phenomenon have been studied. Data assimilation would further assist in improving the ability of 
computational models to accurately identify the field with interesting oceanographic features. 
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